A bulk Al4 mass% Fe alloy processed by extrusion or by a combination of extrusion and successive annealing was subjected to severe plastic deformation (SPD) through high-pressure torsion (HPT) for up to 75 revolutions. Microstructural evolution was examined by optical microscopy and transmission electron microscopy with special attention for the grain refinement in the Al matrix and for the distribution and morphology of Fe-containing intermetallic particles. Solubility of Fe in the Al matrix was studied by X-ray diffraction (XRD). A significant increase in Vickers microhardness was observed because of the development of an ultrafine-grained matrix and a fine fragmentation of the intermetallic particles especially at an early stage of SPD. The strengthening was affected by the initial state of the microstructure prior to HPT, but finally it was saturated at a higher degree of straining.
Introduction
Due to its negligible solid solubility at room temperature, the use of Fe as an alloying element in Al has been limited because it forms brittle intermetallics. 15) However their often complex crystalline structures give them unique properties such as high strength even at higher temperatures. 6, 7) Therefore, there can be good potential to increase the strength of AlFe alloys without greatly compromising ductility if the Fe-containing intermetallics are present in finely dispersed states. It is also possible to improve other properties such as temperature and corrosion resistance with a fine dispersion of the Fe-bearing intermetallics. The Al-rich region in the AlFe binary system has a eutectic reaction at ³1.8 mass% Fe between primary ¡-Al and the Al 3 Fe intermetallic compound. Cast alloys with Fe concentrations above this eutectic value often exhibit unfavorable coarse phases of these intermetallic compounds. 15) Intermetallics in the form of fine structures help to stabilize the Al matrix and inhibit the movement of dislocations. The presence of Fe could then increase hardness levels at the steady state attained during severe plastic deformation (SPD) of pure Al and some Al alloys.
812) Therefore, in recent years, research of different techniques has been attempted to refine secondary phases. Cast AlFe alloys have been studied to some extent by SPD through high-pressure torsion (HPT) and equal-channel angular pressing (ECAP), 1315) especially emphasizing the role of supersaturation of Fe and dispersion of intermetallic phases. The study by Senkov et al. 13) applied HPT to a cast Al11 mass% Fe alloy and reported the formation of a nanocrystalline structure in the Al matrix and dispersion of intermetallics with < ³1 µm in size. Supersaturation of Fe was attained by HPT and increased strengthening was achieved by a subsequent aging treatment. The report by Stolyarov et al. 15) presented the results from an Al 5 mass% Fe alloy processed by ECAP including the formation of an ultrafine-grained structure. The importance of backpressure to facilitate the fragmentation of intermetallics and to improve ductility was also mentioned. Some other studies have applied HPT to AlFe alloys prepared by mechanical alloying (MA) or rapid quenching (RQ) 1618) and highlighted the use of HPT to refine and dissolve different stable and metastable intermetallic phases. However, there have been no systematic studies concerning the evolution of microstructures and mechanical properties with intense straining by HPT. Special attention is paid for the refinement of the coarse intermetallics by HPT in the Al4%Fe alloy having different forms of microstructures after extrusion and annealing and the subsequent effect on the mechanical properties.
Experimental Materials and Procedures
The bulk material used in this study was provided by Kobe Steel, Ltd. in the form of an extruded rod with 20 mm in diameter. This rod was obtained from an Al cast ingot with dimensions of 155 mm in diameter and 200 mm in length. The extrusion was carried out at a temperature of 723 K and a speed of 2 mm/min. The Fe content of the alloy was prepared to have an Fe weight fraction of 4% and verified after casting to be 3.72 mass% by inductively coupled plasma atomic emission spectroscopy (ICP-AES). Hence, the composition of the alloy is referred to its nominal fraction of 4% Fe. The presence of other impurities was estimated to be low enough to be considered in this study. The microstructure of the cast material was observed with a Hitachi S-4300SE scanning electron microscope (SEM) operating at 20 kV. Figure 1 shows a micrograph of the typical microstructure of the Al 4% Fe cast alloy. The formation of the coarse intermetallic phase is shown clearly in bright contrast and the presence of the primary ¡-Al phase can also be appreciated from the micrograph. Besides the coarse intermetallic phase, it appears that a fine eutectic phase exists surrounding the ¡-phase dendrites. As mentioned before, this eutectic is composed of ¡-Al and the Al 3 Fe intermetallic compound. The coarse intermetallic phase is probably composed of the Al 3 Fe type, but others such as Al 5 Fe 2 , and even metastable Al 6 Fe could be present according to the effective cooling rates as a + Graduate Student, Kyushu University result of the casting process.
15) A precise identification of intermetallic phases present in this alloy will be reported elsewhere.
For HPT processing, the extruded rods were cut using an abrasive wheel into disks with 0.9 mm thicknesses and then 10 mm diameter disks were extracted using an electrical wirecutter. The HPT facility consists of an upper anvil and a lower anvil that rotate with respect to each other under an applied load. 19) Both anvils contain matching shallow grooves 10 mm in diameter and 0.25 mm in depth. The 10 mm disks are placed directly over the groove in the lower anvil, which is then raised to meet the upper anvil until a high compressive load is applied. The disks are then enclosed between the matching grooves of the anvils, after a portion of material flows out of the edges during pressing. HPT was conducted at room temperature by rotating the lower anvil at 1 rev/min with respect to the upper anvil under a pressure of 6 GPa. Different disks were processed for N = 1, 5, 10, 20, 50 and 75 revolutions. The final thickness of the samples after processing is 0.6 « 0.1 mm. A group of disks was processed in an as-extruded condition (EXT+HPT), whereas another group was annealed after the extrusion in air at 773 K for 1 h and left to cool inside the furnace prior to HPT operation (EXT+ANN+HPT).
Mechanical properties of the HPT-processed disks were evaluated in terms of Vickers microhardness (H v ) using an Akashi MVK-E3 tester by applying a load of 50 g for a duration of 15 s. Surface preparation for hardness testing was done first by polishing using papers with 320, 1000 and 2000 grits and then buffed with an alumina powder solution to obtain a mirror-like surface. The measurements were made along 30°-spaced radial directions in the surface of the disks, for a total of 12 radii. The first indentation was done at 0.1 mm from center and the following by every 0.5 mm up to 4.5 mm, for a total of 120 indentations. Measurements were averaged at equal distances from the center. The evolution of microhardness with the strain introduced by torsion was examined by the use of the following relation between the equivalent strain ¾ and the distance from the disk center r in HPT: 19) ¾
where N corresponds to the number of revolutions and t is the sample thickness. The observation of the initial states as well as the resulting microstructures of the HPT-processed disks was performed both by optical microscopy (OM); to study the size and morphology of the coarse intermetallic phase, and by transmission electron microscopy (TEM); to observe the fine intermetallic particles and the degree of grain refinement in the Al matrix.
In preparation for OM, the same surfaces used for the microhardness measurements were then electro-polished using a solution of 20% H 2 SO 4 + 80% CH 3 OH and then electro-etched using a solution of 5% HF + 95% H 2 O. OM observations were performed using a Nikon LV150 optical microscope equipped with a digital image capture system. To measure the intermetallic particles in the samples after HPT, several micrographs were recorded at a lower magnification at different distances from the center of the disks, ensuring that an entire area of each disk was covered. The size of each particle was calculated by fitting an ellipse and averaging the major and minor axes, which were measured manually. The state of the intermetallic particles prior to HPT was measured in a similar way from representative micrographs, and computed by recognition of dark contrast using an image recognition software. The aspect ratio of the particles was also computed as the ratio of the major to the minor axis.
For TEM samples, disks with 3 mm in diameter were punched out from the outer region of HPT disks at ³3 mm from the center, ground with polishing papers to a thickness of 0.15 mm and further thinned using the solution of 20% H 2 SO 4 and 80% CH 3 OH in a twin-jet electro-polishing apparatus. TEM was undertaken using a Hitachi H8100 microscope operating at 200 kV. Selected area electron diffraction (SAED) patterns were obtained from areas covering ³6.3 µm in diameter.
To study the solid solubility of Fe in the Al matrix, additional 3 mm disks were extracted in a way similar to the preparation of TEM samples and were processed in a Rigaku X-ray diffractometer with the Cu-target K¡ radiation. LaB 6 powder was used simultaneously with the samples for 2ª offset correction. The lattice constant of each of the HPT processed samples was determined with the NelsonRiley extrapolation method using the Al fundamental reflections (111), (200), (220) and (311). The amount of Fe in solid solution was estimated from its linear relationship with the lattice constant as described by Jones. Figure 2 shows the microstructure observations in the EXT and EXT+ANN states prior to HPT. Figures 2(a) and 2(b) correspond to low magnification optical micrographs taken from the Al4% Fe disks. In both cases the coarse intermetallic phase is visible in darker contrast embedded in the Al matrix. However, difference in the morphology of the intermetallics is apparent. In the case of Fig. 2(a) , most of the particles resemble the original shapes from the as-cast material (such as the large particle observed in Fig. 1 ) and the volume fraction of the particles is estimated to be ³4.1 vol%. In Fig. 2(b) , thin and needle-like shapes appear Strengthening via Microstructure Refinement in Bulk Al4 mass% Fe Alloy Using High-Pressure Torsionto have grown as a result of the annealing. However, in this case the volume fraction of the particles is only of ³2.2%. A large variation in the sizes and shapes of the particles was observed throughout the surfaces of the disks. The size of particles in Fig. 2(a) was estimated to be d p = 38 « 18 µm with an aspect ratio of ³2, whereas the size of particles in Fig. 2(b) was d p = 25 « 12 µm with an aspect ratio of ³4.
20)

Results and Discussion
In order to observe the degree of grain refinement in the Al-matrix, TEM samples were prepared from both EXT and EXT+ANN states. To understand the effect of the presence of Fe and the extent of the annealing, a sample from an extruded rod of pure Al was observed by optical microscopy and then annealed under the same conditions as the Al4% Fe alloy. Figures 2(e) and 2(f) show the corresponding micrographs. The average grain size from the extruded material in Fig. 2(e) is d µ 150 µm, and by annealing it grew almost by a factor of 4 to d µ 550 µm as shown in Fig. 2(f) . It is suggested then that the intermetallic particles greatly assist the refinement of the Al matrix and restrict the grain growth during annealing. particles. It is observed that the particles were both deformed and fragmented, being exemplified in ways such as visible fracture lines, bending and collision. Thus, it is said that strong shear was exerted on such hard particles through HPT. The random nature in the size and complex morphology of these particles after shearing is also clear from the micrographs. Figure 4 shows a magnified view of an intermetallic phase observed in the samples after 75 revolutions. The dark contrast lines extending across the particle clearly show how the imposed strain was introduced. Perhaps due to the shape of this type of particle, further fragmentation was not possible in contrast with other, more elongated ones. Nonetheless it is possible to distinguish numerous separated fragments of different sizes. Figure 5 shows a succession of histograms to show the distribution of the measured sizes from OM, as a result of the application of HPT. More than 200 particles were measured in every disk, both in the EXT and EXT+ANN cases. It is shown that despite larger particles are still present at higher numbers of revolutions, more than 90% of particles are reduced to the sizes below d p = 40 µm, with no significant difference among extruded and annealed samples. It should be noted that the measurement of particle size was feasible with the maximum resolution of ³2 µm attained in this study by OM.
The average size from the measurements of the intermetallic particles by OM is shown in Fig. 6 as a function of the number of revolutions. As described earlier in Figs. 2(a) and 2(b), variation is large and no significant differentiation was made among EXT and EXT+ANN samples. The average size computed from the analysis of the as-cast state was d p = 36 « 27 µm, which was drawn in Fig. 6 as a dotted line for reference. The average size of the as-cast particles is similar to the result from the as-extruded case, which is consistent with the affirmation made about the similar morphology of particles in Fig. 2(a) with the as-cast particles, such as the one presented in Fig. 1 . The larger standard deviation in the as-cast state is attributed to a few very long particles, most likely fragmented after extrusion. As a Strengthening via Microstructure Refinement in Bulk Al4 mass% Fe Alloy Using High-Pressure Torsionconsequence of this, the aspect ratio of the as-cast state is also slightly larger (³2.5) compared with the as-extruded case (³2). From the trend observed in Fig. 6 , it can be concluded that there is a gradual reduction in the average size and standard deviation of the large intermetallics as a result of the application of HPT, especially at higher levels of imposed strain. As mentioned earlier in association with Fig. 5 , despite a few resilient particles such as the one shown in Fig. 4 after 75 revolutions, the fraction of smaller particles is increased and thus the standard deviation is reduced. No major difference can be appreciated between extruded and annealed samples. The resolution limit of the optical microscope (³2 µm), as stated earlier, is also shown in Fig. 6 . It is reasonable to suggest that existing particles and fragments below the size of 2 µm are generated and further refined. Thus, the decreasing trend depicted in Fig. 6 would be more prominent if smaller fragments were to be considered.
To support the last statement, Fig. 7 shows micrographs of two examples of smaller intermetallic particles observed by TEM. In the case of Fig. 7 (a), a particle with a size of d p ³ 2.7 µm, presumably existing from the as-cast state, due to its regular shape and smooth edges, was observed in an EXT+ANN+HPT sample after processing for 10 revolutions. A darker contrast zone resembling fracture at the center of the particle can be appreciated from the bright field image. As a result of this, the dark field image obtained from the selected beam indicated by the arrow in the inset shows a bright contrast in the form of fracture zone at the center of the particle. Some dislocations are visible in the lower right section of the particle and this suggests how this intermetallic particle is sheared in obstructing the deformation in the matrix and the subsequent strengthening of this alloy. It is noted that some refined grains in the Al matrix are visible in brighter contrasts because of diffracted beams which may be included in the aperture when recording the dark field image. Figure 7 (b) depicts another intermetallic particle, with a size of d p ³ 2.5 µm, obtained from an extruded sample after HPT processing for 75 revolutions. In this case, due to an irregular shape, this can be a possible fragment which contains large strain as evident from a clear bend contour visible in bright and dark field images. The dark field image obtained from the selected beam in the SAED pattern also reveals the presence of some dislocations within the particle.
The refinement in the Al matrix was already shown in the previous discussion from the dark field image in Fig. 7(a) . The evolution of the microstructure with straining by HPT for the EXT+HPT samples was examined through the analysis These results suggest that the microstructure is saturated at this level of imposed strain. It should be noted that the grain size of the EXT+ANN sample was 2760 nm but it was reduced to d µ 590 nm at N = 10 and d µ 210 nm at N = 75 revolutions. The refinement of the grain size occurs in a similar way as the EXT samples although the grain size is invariably larger. Figure 9 shows the distribution of grain sizes measured from several micrographs from the sample extracted at the periphery of the disk processed for the EXT sample after 75 revolutions. It is concluded that an ultrafine-grained structure with more than 90% of the grains with sizes below d = 300 nm was produced by the HPT process. Another important point to highlight is that the fine intermetallic phase is no longer distinguishable from the images in Fig. 8 although it was possible prior to HPT as shown in Figs. 2(c)  and 2(d) .
The effect of the microstructural refinement was evaluated in terms of the microhardness measurements. Figure 10 shows Vickers microhardness plotted against the distance from the disk center after processing for higher numbers of revolutions as N = 20, 50 and 75. The hardness increases with the distance from the disk center which is marked as a vertical dotted line in each plot. This trend is expected since the strain in HPT is a direct function of the distance from the disk center, and it was more pronounced in the EXT+HPT disk processed for N = 20 revolutions. After processing for N = 50 and 75 revolutions, the hardness reached a saturated level of ³200 HV which is extended to most of the disk except for the region near the center of the disk. The initial level of hardness prior to HPT was indicated both in the EXT and EXT+ANN samples with a horizontal line in every plot of Fig. 10 : note that the initial difference in the hardness is of ³15 HV between the EXT and EXT+ANN samples. It is clear that the degree of strengthening achieved by HPT is quite significant. It appears that the initial difference in the hardness, attributed to their different microstructures, had an effect on the rate of strengthening during the application of HPT. The evolution of the EXT+ANN samples is gradual when compared to the EXT samples. This is due to the fine dispersion of intermetallic particles before HPT, and thus, dislocations are more likely to accumulate and strain hardening occurs more pronouncedly. The EXT+ANN sample processed for N = 75 is still not fully saturated throughout the whole disk but, in the saturated regions, the hardness reached a level of ³180 HV. The evolution in microhardness can be further understood if the data are plotted against the equivalent strain [eq. (1)]. Figure 11 shows the corresponding plots for the EXT and EXT+ANN disks after processing by HPT. In general it can be said that for both cases data points consistently follow a single line, drawn in both plots to exemplify the behavior of microhardness with the strain induced by torsion. The data in the EXT case show a sharper increase in microhardness as with a size of d p = 0.18 « 0.05 µm is also considerably smaller and homogeneous when compared to the EXT+ANN case, with a size of d p = 0.29 « 0.13 µm. Figure 12 plots the average values of Vickers microhardness in the periphery of the EXT+HPT disks as a function of the number of revolutions. As described earlier, the grain refinement in the Al matrix as well as the fragmentation and dispersion of the secondary phase play a major role for the significant increase in the strength of this alloy. It is shown that the microstructural refinement and the hardness increase are accelerated in the initial stage of HPT straining and saturated in the later stage. The amount of Fe in solid solution also increased as a result of processing by HPT in a similar manner, sharply during smaller numbers of revolutions and then gradually continues to increase. After N = 75 revolutions the amount of Fe in supersaturated solid solution is ³0.5 mass%.
Summary and Conclusions
This work examined the evolution of the hardness and microstructures in a bulk Al4 mass% Fe alloy processed by HPT with two different initial microstructural states as extruded and a combination of extruded and annealed. The following conclusions can be extracted from the results presented in this work:
(1) The observation of the microstructure at the initial state showed the presence of a fine intermetallic phase of eutectic nature with a size of d p ³ 180 nm and a coarse secondary phase with a size of d p ³ 38 µm but with complex morphology of large variation in sizes. The average initial grain size of the Al matrix was d µ 1370 nm.
(2) The microstructure appeared to be partially coarsened as a result of the annealing at 773 K for 1 h, but the presence of Fe restricted the growth in contrast to pure Al. The intermetallic particles grew with annealing as well.
(3) The Al matrix was refined to an ultrafine-grained microstructure with an average grain size of d µ 160 nm after N = 75 revolutions for the extruded samples and that of d µ 210 nm after N = 75 revolutions for the extruded and annealed samples.
(4) Fragmentation of the coarse intermetallic phase to an average size of d p ³ 15 µm after N = 75 revolutions was confirmed by OM as a result of the intense strain in the extruded and annealed samples.
(5) The refinement of smaller particles and fragments was demonstrated by TEM observations but it was difficult to distinguish the particles from the ultrafine grains achieved in the Al matrix to similar levels.
(6) Microhardness increased significantly after the application of HPT, sharply for the extruded samples from an initial level of ³50 HV to a saturated state of ³200 HV after N = 75 revolutions, being homogeneously distributed throughout-the disk.
(7) For the annealed samples, microhardness increased gradually from an initial level of ³35 HV to ³180 HV after N = 75 revolutions, being close to a saturated state and with reduced local variation.
(8) The strengthening of the Al4%Fe alloy by HPT processing is well correlated both with the refinement of the intermetallic phases and the ultrafine grain refinement in the Al matrix. The trend of Fe solubility in the matrix is also consistent with the increase in strength.
(9) A supersaturation of Fe in the Al matrix was produced as a result of processing by HPT, reaching a level of ³0.5 mass% after N = 75 revolutions.
